The preparation of an implant site using a surgical drill is a common procedure in orthopedic surgery, such as for the internal fixation of fractures. An increase in temperature during such a procedure results in the potential for thermal invasion of the bone, which may delay healing or reduce the stability of the fixation. Therefore, minimizing invasion during bone drilling is important to ensure the stability of the implant, and this requires surgical drills with an optimal design. This study investigated the optimal design of surgical drills by comparing the drilling characteristics (i.e., the cutting force and temperature increase) using the Taguchi fractional factorial method. The control factors (helix angle, web thickness, point angle, and the levels of these three parameters) were placed in an L 9 orthogonal array and drilling tests were conducted with nine experimental drills based on the array. The results show that the optimal levels of the three design factors of the surgical drill and their percentage contribution depend on the drilling characteristics. However, confirmation tests indicated that the design optimization did not greatly affect the performance improvement and its results showed poor reproducibility. This is possibly because the various cutting conditions encountered in actual clinical situations were not adequately considered.
Introduction
The preparation of implant sites using surgical drills is a common procedure in orthopedic surgery, such as for the internal fixation of fractures. An increase in temperature during such a procedure brings with it the potential for thermal invasion of the bone. In fact, osteonecrosis due to thermal invasion has been reported (1) (2) (3) (4) (5) (6) . In particular, Pallan (5) reported a reduction of fixation stability due to rapid bone absorption in the necrotic region. The presence of necrotic tissue may delay healing of bone fracture. Therefore, minimizing invasion and preventing any reduction in stability due to osteonecrosis caused by drilling-generated heat are important in ensuring implant stability. Minimizing heat invasion during drilling requires surgical drills with an optimal design. The design of a standard surgical drill is similar to that of a standard engineering twist drill ( Fig. 1) , and many researchers have studied the optimal design. Jacob et al. (7) recommended a point angle of 90° and helix angles between 25° and 35°. Farnworth and Burton (8) recommended a point angle between 120° and 140°, and a helix angle of 27°. Saha et al. (9) reported that a drill with a point angle of 118° and a helix angle of 36° decreased the thrust force by 45% while producing a maximum temperature increase of 20°C. Natali et al. (10) investigated the use of a split-point drill bit, which can reduce the friction between the flank of the drill and the material being drilled by increasing the clearance angle halfway along its surface. They showed that such a drill with a point angle of 118° and a large helix performed better; it reduced both the force required and the time for heat generation, and therefore caused less thermal damage than a standard orthopaedic drill. Based on a mathematical model of bone drilling, Davidson and James (11) indicated the optimal point angle was between 100° and 160° with large helix angles. Although several authors have investigated optimum drill design, they have merely reported on the optimal range of surgical drill dimensions or have primarily evaluated various parameters of commercially available surgical or engineering drills within a restricted range. However, specific optimal dimensions of surgical drills have not been reported thus far. Twist drills for both surgery and engineering have many design components, and are assembled in a complex manner (Fig. 1) . The often used method of varying one variable at a time for design optimization is inefficient. It is difficult to carry out this method if there are several objective factors. Hence, if numbers of the objective factors are reduced, their effect on the output characteristics may not be clearly demonstrated. Therefore, this study demonstrates the optimal design of surgical drills for minimizing the drilling parameters (i.e., the cutting force and temperature increase) by means of drilling tests using the Taguchi fractional factorial method, which can achieve a balanced comparison of possible levels of any factor and significantly reduce the total number of experiments required. 
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Methods
Specimens and drilling tests
Thrust force, torque, and bone temperature were measured during a drilling test on mature porcine femurs obtained from a local slaughterhouse. After removing all soft tissues, the femoral diaphyses with cortexes about 4 mm thick were cut into segments approximately 50 mm long using a band saw and kept frozen until used. Each specimen was encased by dental plaster in a box of our own design and placed on a six-component dynamometer (LAT-1030KA-2; Kyowa, Japan) that was connected to a signal processor (FDP-106A; Kyowa) on the table of a digitally controlled machine tool (Millac 415V; Okuma & Howa, Japan) as shown in Fig. 2 . A hole 3 mm deep and 0.5 mm in diameter was drilled to accommodate a thermocouple 0.7 mm from the edge of the test drill hole, as shown in Fig. 3 . A K-type thermocouple was inserted into this drilled hole and connected to a temperature logger (NR-1000; Keyence, Japan). Test holes were then drilled at 2000 rpm and a feed rate of 40 mm/min. Physiological saline was used to keep the specimen wet during the drilling test.
The raw data from the dynamometer were converted into actual thrust force and torque values, and then the maximum thrust force and torque were calculated. The temperature increase at each measurement site and the length of time that the temperature exceeded 13°C above the initial temperature at each measurement site were obtained from the measured temperature data. The normal body temperature in clinical practice is approximately 37°C, so a temperature increase of 13°C would result in a bone temperature of 50°C, which many researchers (12) (13) (14) (15) would consider to increase the risk of osteonecrosis. 
Experimental
Taguchi factorial analysis
The Taguchi fractional factorial method is a scientifically disciplined tool for conducting and evaluating improvements in materials, products, equipment, and processes to enhance the desired overall performance (16) . Key process control parameters are examined in this method to reduce the number of manufacturing defects, and further contribute to the optimization of the design. The Taguchi method can also greatly reduce the number of experimental runs using an orthogonal array, which is a form of fractional factorial design containing a subset of all possible combinations of test conditions, in place of a full factorial design. The columns of an orthogonal array are alternately orthogonal such that all combinations of factor levels are present an equal number of times in any pair of columns. In this sense, a balanced comparison of levels of any factor can be achieved, and valid conclusions over the entire region spanned by the design factors can be obtained with less experimental effort. In this study, the helix angle of a flute, ratio of the thickness between the diagonal planes of a flute to the drill diameter (web thickness), and the angle of the drill point (point angle) (Fig. 1 ) are considered as control factors in the drilling tests. All of these affect the drilling characteristics significantly. Each factor was examined at three levels related to commercial surgical drills and available values in general machining, and as wide a range as possible between the maximum and minimum levels was used ( Table 1) . The factors and levels were placed in an L 9 orthogonal array, which can accommodate up to four factors with three levels ( Table 2 ). The design approximate to a standard surgical drill involves a helix angle of 16°, web thickness of 23%, and point angle of 90° (A1B2C1). Drilling tests were conducted with nine experimental drills based on the array and the tests were repeated five times with each drill. The experimental drills had a diameter of 3.2 mm and clearance angle of 15°. The signal-to-noise ratio (S/N) for each control factor was calculated from the drilling test data. The signal indicates the effect on the average response while the noise is a measure of the influence on deviation from the average response, which accounts for the sensitivity of the experiment output to the noise factors. The S/N ratio represents the scattering around a target value. A high S/N ratio implies that the signal level is much higher than the random noise level (17) (18) (19) , and so represents better performance; i.e., the optimal level should afford the highest S/N ratio. Three categories of the quality characteristics of the S/N ratio exist: lower-is-better, nominal-is-better, and higher-is-better. Since the drilling characteristics do not have negative values and lower is best in clinical practice, a lower-is-better (LB) quality characteristic was selected to obtain the optimal design. The LB quality characteristic S/N ratio of each trial can be expressed as
where Y is the experimental value of the ith test, and m is the number of repeated tests. The average of all factors at each level was then calculated from the obtained S/N ratio. For example, the average S/N ratio for the factor A at level 1 (A 1 ) was calculated by
where S/N Trial1 , S/N Trial2 , and S/N Trial3 are the S/N ratios for trials 1, 2, and 3, respectively, including A 1 . The average S/N ratios of all the factors at different levels were calculated in the same way. The optimal level combination of the surgical drill and the trend of each factor on different levels were obtained from the S/N ratio plots based on the average S/N ratios. The difference (gain) between the S/N ratios of the optimal condition and conventional condition of A1B2C1 represents the effect of the drill parameters on the performance improvement. The contribution of the control factor of the surgical drill to the drilling characteristics was estimated by the analysis of variance (ANOVA) method, which calculates parameters known as the sum of squares (SS), degree of freedom (DOF), variance, F-ratio, and percentage contribution of each factor. The SS is a measure of the deviation of the experimental data from the average of the data. The equation for the total sum of squares SS t is
where S / N j is the S/N ratio of the jth trial, n is the number of trials, and CT is the correction term expressed as
The SS for each factor SS f is calculated by
where S / N fk is the average S/N ratio for each factor at level k, n fk is the number of trial data for each factor at level k, and L is the number of levels. The SS of the error SS e is calculated using
The number of DOFs in the L 9 orthogonal array (DOF t ) was eight; for each factor, these were expressed as
The variance describes the distribution of the data about the average data. The variance of each factor is expressed as
where DOF f is the DOF for each factor. The variance of the error is 
where
The F-ratio is the ratio of the variance due to the effect of a factor to the variance due to the error. It measures the significance of the factor under investigation with respect to the variance of all the factors included in the error. If the effect of a factor is insignificant, the F-ratio of the factor is unlikely to be greater than the F-ratio in the F-distribution table.
When the F-ratio of the factor is greater than two, the effect is significant. The F-ratios of each factor are expressed as
The contribution percentage of each factor is calculated by 100
When the F-ratio is less than two, the factor can be treated as the error. The SS and DOF for the factor are combined with these for the error, and then ANOVA is performed again using the combined variance of the error. This process is known as pooling with the error term.
Confirmation test
Confirmation tests are required as the last step of the Taguchi method to validate the optimal conditions obtained. Although an experiment for three factors and three levels investigates 3 3 = 27 conditions in the conventional full factorial analysis, this study investigated only nine conditions in the L 9 orthogonal array. Therefore, investigating the unlisted conditions in the L 9 orthogonal array is especially important. The confirmation test involves actually conducting a test in case of optimal conditions, comparing the optimal condition with the conventional condition, and comparing the estimated gain with the experimental gain. With this comparison, the effect and reproducibility of the optimal condition on the improvement are verified. For determining the estimated gain, the estimated S/N ratio in the optimal or conventional condition is calculated by
where S/N t.avg is the total average S/N ratio of all trials in an orthogonal array, S/N fk is the average S/N ratio of the optimal condition or conventional condition for each factor at level k. The lower error between the estimated gain and the experimental gain indicates a more reliable and reproducible result. The drills with the optimal design for minimizing each drilling characteristic and conventional design were used with the same specimens, experimental set-up, cutting conditions, and experiment repetition as used in the L 9 test. The experimental values of targeted drilling characteristics for each drill (e.g., the thrust force in drilling with the optimal design for minimizing thrust force) were measured. Table 3 shows the thrust force, torque, temperature increase, duration, and S/N ratio of each trial. Figure 4 shows the S/N ratio plots based on these data. The design for minimizing the thrust force was A3B3C2: 40° helix angle, 32% web thickness, and 120° point angle (Fig. 4(a) ). The design for minimizing the torque was A1B2C2: 16° helix angle, 23% web thickness, and 120° point angle (Fig. 4(b) ). The design for minimizing the temperature increase was A2B2C1: 28° helix angle, 23% web thickness, and 90° point angle (Fig. 4(c) ). The design for minimizing duration was A3B3C1: 40° helix angle, 32% web thickness, and 90° point angle (Fig. 4(d) ). The ANOVA indicated how each factor affected each drilling characteristic as shown in Table 4 . With respect to the thrust force, the point angle (P = 66.41%) was significant with at least 95% confidence and had the most effect on the thrust force, followed by the helix angle, which also had a significant effect (F = 2.15, P = 7.48%) as shown in Table  4 (a). The web thickness had such a small effect that it was pooled with the error term. With respect to the torque, the helix angle had the highest contribution percentage (P = 60.82%) and was significant with at least 95% confidence, followed by the web thickness, which also had a significant effect (F = 3.10, P = 13.48%) as shown in Table 4 (b). The point angle had such a small effect that it was pooled with the error term. With respect to the temperature increase, the point angle was the only significant factor (F = 3.01, P = 33.43%) as shown in Table 4 (c). The other factors had such small effects that they were pooled with the error term. With respect to the duration, the web thickness had the highest contribution percentage (F = 3.99, P = 36.54%) and was significant, followed by the point angle, which also had a significant effect (F = 2.18, P = 14.49%) as shown in Table 4 (d). The helix angle had such a small effect that it was pooled with the error term. Table 5 summarizes the drill design used in the confirmation tests and their respective results. In the design for minimizing the thrust force, the thrust force was lower than that of the conventional design (7. 24 N) by 5.83 N and the S/N ratio was increased by 1.89 dB. In the design for minimizing the temperature increase of the conventional design (15.38°C) by 20.52°C, the S/N ratio was increased by 2.20 dB. In the design for minimizing the duration of the conventional design (11.2 s) by 9.8 s, the S/N ratio was increased by 0.76 dB. Although these characteristics were improved by each design optimization, the improvement was not very significant. In particular, the improvement in duration was very low. On the other hand, the design for minimizing the torque had a negative effect: the torque was 2.10 N⋅cm higher than that for the conventional design (1.57 N⋅cm), and the S/N ratio was decreased by 2.50 dB. Because all the experimental gains were considerably different from the corresponding estimated gains, these data have poor reproducibility. 
Results
Discussion
In this study, we investigated the optimal designs for surgical drills on the basis of the individual design components and the percentage contribution of each component to the performance using the Taguchi method. Many researchers in other fields have applied the Taguchi method to determine the desired optimal conditions. This method has recently been applied to biomechanical studies. Hou et al. (20) investigated the effects of tibial locking screw design factors. Yang et al. (21) optimized the design of a cervical ring cage used in the treatment of cervical spondylosis and described the procedures involved in the Taguchi method. Cheung and Zhang (22) evaluated the parametric effect of different structural and material configurations of foot orthoses on peak plantar pressure relief. Hsu et al. (23) assessed the contribution of various design factors to determine the optimal combination for a vertebral body cage. All the above procedures involve simpler tests for evaluating and optimizing the design than the conventional full factorial analysis, which involves the Taguchi method. Further, the present study employs fewer tests for optimizing the design of surgical drills. Although an experiment for three factors with three levels and five repetitions would involve 3 3 × 5 = 135 tests using full factorial analysis, this study required only 9 × 5 = 45 tests using the L 9 orthogonal array. The results showed that the improved design and the percentage contribution depended on the drilling characteristics. Therefore, using the appropriate drill according to the situation is desirable. When drilling the diaphyseal region of a long bone such as those used in this study, the design for the minimum temperature increase (A2B2C1) is preferable because this region consists largely of compact bone that has a great tendency to generate heat. For drilling in this region, the design for achieving the minimum duration (A3B3C1) could also be useful for minimizing heat invasion. However, the A2B2C1 design would be more effective than the A3B3C1 design because the reduction in temperature increase will also reduce the duration of heat invasion that this temperature increase causes. Davidson and Jackson (11) performed a parametric analysis of bone drilling using their own model for predicting heat generation due to bone drilling and demonstrated that the optimal point angle was between 100° and 160° with a large helix angle. On the other hand, in the optimal design determined in our study, the helix angle was found to be 28° and the point angle, 90°.
Although the point angles in these two studies are slightly different, their simulation showed that the generated heat between the point angle of 90° and 100° is also slightly different. Therefore, our result was similar to their result, considering that we conducted our experimental study using biological samples with individual differences and anisotropies. When drilling the diaphyseal of a long bone with a thin cortex, the design for minimizing the thrust force (A3B3C2) should be the most effective; this is because drilling can be quickly completed, without a great increase in temperature. Although Farnworth and Burton (8) recommended a point angle between 120° and 140° and a helix angle of 27° by measuring the cutting forces, they arrived at this conclusion based on the result of the thrust force as well as the diameter of the finished holes. They demonstrated that a helix angle larger than 27° has a satisfactory performance in reducing the thrust force. Consequently, only considering the reduction of the thrust force, our result (helix angle of 40° and point angle of 120°) was similar to their results. The confirmation tests in this study demonstrated that the improvement by the four design optimizations and the reproducibility of their results were not significant. Because the contributions of the error factor to the drilling characteristics were high (25.70-66.57%), as shown in Table 4 , the design optimization for each significant factor could not provide significant improvement. The error might primarily be due to the error between the repetitions of tests, the low effect of the control factor pooled with the error term, and the individual differences and anisotropies inherent in the biological samples used in this study. In particular, the temperature increase and duration might be affected by the individual differences and anisotropies inherent in biological samples because these data were measured at a site on the drilling surface. Although the design optimization for the torque (A1B2C2) had a negative effect, the error factor might be an important factor. The point angle was different only between A1B2C2 and conventional design (A1B2C1), but this parameter was considered in combination with the error term to serve as the slightly effective control factor. Therefore, the effect of A1B2C2 is not very significant, and the experimental torque in the confirmation test might be affected by the error factor.
By using ANOVA, it was demonstrated that the point angle is a significant factor for the thrust force temperature increase and the duration corresponding to the four drilling parameters. Therefore, it is possible that the point angle has a significant effect on the drilling bone. On the other hand, it was also demonstrated using ANOVA that at least one control factor was considered in combination with the error term in all the analyses, and the contributions of the error factor were significant. This possibly affected the poor reproducibility of the results in this study. Further, it is possibly why the uncontrollable error factors were not sufficiently considered in this study. In the Taguchi method, the factors that cannot be controlled by the designer of the products are considered as error factors. Tests conducted in appropriate error conditions facilitate the construction of "robust designs," the designs that are more insusceptible to the error conditions, while ensuring greater reliability and demonstrating the percentage contribution of the control factors in detail. Although this study was conducted under constant cutting conditions based on clinical treatment, some surgeons might actually drill under conditions different than those considered in this study. In other words, this study did not adequately consider the various cutting conditions encountered in actual clinical situations, which are uncontrollable error factors. In future research, cutting conditions representative of those encountered in clinical situations will be considered as error factors. The L9 array drilling tests conducted will demonstrate the effect of the drill parameters on drilling characteristics under a variety of cutting conditions, and will more clearly highlight the contribution of the individual factors pooled together as the error term in this study. This will improve the reliability of the test and result in a design that ensures better and more stable performance under a variety of cutting conditions.
Conclusion
In this study, we conducted drilling tests using the Taguchi fractional factorial method to demonstrate the optimal design of surgical drills for minimizing the drilling characteristics. Consequently, we demonstrated that (1) the design for minimizing the thrust force involved a helix angle of 40°, web thickness of 32%, and point angle of 120°, (2) the design for minimizing the torque involved a helix angle of 16°, web thickness of 23%, and point angle of 120°, (3) the design for minimizing the temperature increase involved a helix angle of 28°, web thickness of 23%, and point angle of 90°, and (4) the design for minimizing duration involved a helix angle of 40°, web thickness of 32%, and point angle of 90°. Moreover, using ANOVA, we determined the percentage contribution of each design component towards the drilling characteristics and showed that the point angle possibly has a significant effect on the drilling bone. However, confirmation tests demonstrated that the improvement effects of the four design optimizations and reproducibility of their results in this study were not significant. This is because the various cutting conditions encountered in clinical situations were not adequately considered. Our future work will employ a more robust design by taking into account the actual clinical cutting conditions.
